The glycaemic thresholds at which physiological responses to hypoglycaemia are initiated, are now wellestablished in non-diabetic subjects [1, 2] . During a hyperinsulinaemic-hypoglycaemic stepped clamp, the glycaemic threshold for hormone release ranges between 3.6 to 3.8 mmol/l (65±68 mg/dl), that for symptom appearance is approximately 3.0 mmol/l (54 mg/ dl), and that for onset of cognitive dysfunction ranges between 2.5 to 2.9 mmol/l (45±52 mg/dl) (Fig. 1) .
The greater variability of glycaemic thresholds for cognitive dysfunction (2.5±2.9 mmol/l) as compared to those for release of counterregulatory hormones and generation of symptoms, most likely reflects the different techniques used to assess brain function during hypoglycaemia. For example, in several studies a battery of neuropsychological tests has been used to explore cognitive function. Since there is no standardized neuropsychological test battery, many researchers have set up their own battery covering major mental abilities which are known to be affected by hypoglycaemia such as pattern recognition, memory, attention, psychomotor function and information processing. The results have often been reported as sum of Z-scores to give an index of overall cognitive function [2] . In contrast, in other studies, just a single cognitive function test has been employed. The most used is the four-choice reaction time [3, 4] . Finally, in other studies, cognitive function has been assessed by employing brain evoked potentials. Among these, the P300 potential has usually been used because its changes during hypoglycaemia are considered to be a sensitive indicator of cognitive dysfunction [5] . The methodological limitations of using these techniques have been recently reported by Heller and Macdonald [6] in their excellent review on cognitive function testing during hypoglycaemia.
To date there is good agreement that the glycaemic thresholds for activation of counterregulation and initiation of awareness of hypoglycaemia shift to lower plasma glucose concentrations following antecedent hypoglycaemia. This has been demonstrated repeatedly after experimentally induced hypoglycaemia both in non-diabetic subjects [7±9] and in patients with insulin-dependent diabetes mellitus (IDDM) [10] , and in the clinical setting in intensively insulin-treated patients who experience frequent and recurrent episodes of hypoglycaemia [3±5, 11±13] and in patients with insulinoma [14, 15] . However, there is no agreement that such a shift occurs with the glycaemic thresholds for cognitive dysfunction [3, 4, 8±13, 15] .
The issue of whether or not glycaemic thresholds for cognitive function also shift to lower plasma glucose concentrations is clinically relevant. In fact, the downward shifting of glycaemic thresholds for counterregulation and awareness of hypoglycaemia might have deleterious consequences if cognitive dysfunction did not shift as well, since cognitive dysfunction would then precede the appearance of symptoms rendering subjects unable to take appropriate measures to promptly correct hypoglycaemia (i. e. eating). However, the glycaemic thresholds for cognitive dysfunction following hypoglycaemia have been shown to shift as do those of counterregulation and symptoms in some studies, but not in others.
Most of the studies using either a battery of neuropsychological tests or the P300 potential describe a downward shift in glycaemic thresholds for cognitive dysfunction following antecedent hypoglycaemia even though all these studies are remarkably different with regard to both the duration and the number of hypoglycaemic episodes, the interval period of euglyca-emia preceding the assessment of responses, and the subjects studied. For example, in the insulinoma patients studied by Mitrakou et al. [15] , and in intensively insulin-treated IDDM patients [5, 11, 13, 16] antecedent hypoglycaemia was recurrent. In contrast, a single episode of hypoglycaemia lasting 56 h, was induced in non-diabetic subjects in the study by Boyle et al. [9] , whereas other studies induced only one episode of hypoglycaemia for only 2 h [8, 17] . Despite these differences, all these studies do show at least some degree of downward shifting in glycaemic thresholds for cognitive dysfunction. However, some studies do not fully support these conclusions although a battery of neuropsychological tests was used [10, 18, 19] . However, technical and experimental objections can be raised for each of those. For example, the sample size was small in the study by Widom et al. [18] , whereas no information on awareness of hypoglycaemia in diabetic patients with good glycaemic control was reported by Draelos et al. [19] . Dagogo-Jack et al. [10] carried out the lowest hypoglycaemic step only at 2.8 mmol/l (50 mg/dl), i. e. most likely a glycaemic level not low enough to ascertain cognitive dysfunction following antecedent hypoglycaemia. Notably, in a recent study where a 2 h episode of hypoglycaemia induced the previous night did not affect either counterregulation or symptoms the next morning, the glycaemic thresholds for cognitive dysfunction were not affected [20] . However, greater glycaemic thresholds for release of counterregulatory hormones, generation of symptoms and onset of cognitive dysfunction were observed after two or three episodes of hypoglycaemia [20] . This observation is in line with the concept that the glycaemic thresholds of responses of hormones, symptoms and cognitive dysfunction concordantly shift after antecedent hypoglycaemia.
In contrast to the studies using a battery of neuropsychological tests, the studies employing only one test, i. e. the four-choice reaction time test [3, 4] , have repeatedly found no effects of antecedent hypoglycaemia on glycaemic thresholds for cognitive dysfunction.
One reason for these discrepancies might be that not all task performances are affected to the same degree following antecedent hypoglycaemia and that, consequently, not all of the cognitive function tests can detect the effect of antecedent hypoglycaemia. It would be necessary to establish which abilities of cognitive function are affected by antecedent hypoglycaemia and which tests are useful to measure these appropriately. Some tests (e. g. four-choice reaction time, story recall) might actually be non-selective to detect the effect of antecedent hypoglycaemia and should not be used for this purpose [3, 4, 9, 16] . In contrast, other tests (e. g. trail making part B, delayed non-match to sample, interference subtest from the Stroop test) seem to be useful [8, 9, 11, 16] . Finally, a reasonable comment is that a battery of neuropsychological tests should explore cognitive function more globally than a single test, and would therefore be more helpful in establishing the effects of antecedent hypoglycaemia.
From a clinical standpoint, the downward shift of glycaemic thresholds for cognitive dysfunction following antecedent hypoglycaemia does not reduce the risk of severe hypoglycaemia in IDDM patients, in contrast to what one would expect if this phenomenon were considered as adaptive [21] . It is plausible that in unaware IDDM patients plasma glucose concentrations may fall below 3.0 mmol/l (54 mg/dl) without generating symptoms. At this plasma glucose level, cognitive function is still preserved and continues to be preserved at a plasma glucose level of 2.5 mmol/l (45 mg/dl). However, if plasma glucose levels drop further, cognitive failure occurs as a consequence of severe neuroglycopenia. Note that in unaware IDDM patients the magnitude of symptoms is also markedly reduced in addition to the elevated thresholds (i. e. need for greater than normal plasma glucose concentration to evoke responses). This means that even in the case of some symptoms preceding the onset of cognitive dysfunction during hypoglycaemia, this is not of appreciable help because the symptoms are barely sensed by the patient. However, this scenario is only speculative because for ethical reasons most of the studies have generated plasma glucose concentrations not lower than 2.2 mmol/l, and it is not known what is going on below this value. For example, it might well be that below 2.2 mmol/l plasma glucose level, in unaware IDDM patients thresholds for cognitive function no longer shift downwards, whereas those of symptoms do. In other words, during progressive decreases of plasma glucose to severe hypoglycaemia, cognitive dysfunction might occur before onset of symptoms. At this point, the late appearance of symptoms in the setting of brain dysfunction is of no help for the patient. Indeed, Hepburn et al. [22] found autonomic activation at plasma glucose concentrations of 1.6 mmol/l (29 mg/ dl) in patients with hypoglycaemia unawareness. Fig. 1 . Glycaemic thresholds for counterregulation, symptoms and cognitive dysfunction in non-diabetic subjects during a hyperinsulinaemic hypoglycaemic stepped clamp Clearly, it is not possible to repeat these experiments in a controlled fashion. Therefore, this is and will probably remain a simple hypothesis.
The physiological mechanisms responsible for these changes in glycaemic thresholds have not been firmly established. However, preserved blood to brain glucose transport during hypoglycaemia may play a crucial role. Normally, there is a linear correlation between the fall of blood glucose and brain glucose uptake [23] . Thus, glucose transport from blood into the brain can become the limiting step if plasma glucose concentration falls to hypoglycaemic levels of approximately 2.0 mmol/l [24] . However, Boyle et al. [6] have demonstrated preserved brain glucose uptake in nondiabetic subjects after 56 h of mild hypoglycaemia [3] and in IDDM patients with hypoglycaemia unawareness [25] , confirming previous data from animal studies [26, 27] . This mechanism of preserved brain glucose uptake in the face of hypoglycaemic levels would explain why all of the physiological responses to hypoglycaemia including cognitive dysfunction are shifted to lower plasma glucose levels as an effect of antecedent hypoglycaemia (Fig. 2) . However, it is reasonable to think that there is a glycaemic threshold (2.5±2.0 mmol/l?) at which preserved brain glucose uptake fails to support a normal neuronal metabolism suddenly producing a picture of severe neuroglycopenia. Activation of symptoms at this point would nearly coincide with onset of severe neuroglycopenia, as indirectly suggested by the study of Hepburn at al. [22] . Additional, indirect support for this view derives from a clinical observation of patients with insulinoma [15] . These patients maintain an apparently normal cognitive function at plasma glucose values of approximately 2.2 mmol/l (40 mg/dl), both in the clinical as well as in the experimental situation [15] . However, it is well-known that, should their plasma glucose concentration drop by 0.2±0.3 mmol/l (4±6 mg/dl), they suddenly experience severe neuroglycopenia as if the previous ªbrain protectionº was suddenly lost. Preserved brain glucose uptake might not be the unique mechanism responsible for the changes in glycaemic thresholds after antecedent hypoglycaemia. Indeed, Davis et al. [28] have proposed that cortisol plays a role in the pathogenesis of deficient counterregulation and blunted hormonal responses following antecedent hypoglycaemia. In that study, the authors demonstrated that increased plasma cortisol levels during two episodes of 2 h of experimental hypoglycaemia induced the day before, reduced the counterregulatory responses during an episode of hypoglycaemia the next day. These findings were confirmed in a study by Pampanelli et al. [29] who established the role of cortisol on counterregulation, symptoms and cognitive function. Pampanelli et al. concluded that cortisol responses to antecedent hypoglycaemia plays a role in reducing the adrenaline, glucagon and autonomic responses during subsequent hypoglycaemia, whereas neuroglycopenic symptoms and cognitive function are mediated by hypoglycaemia ªper seº. Most likely, both these mechanisms play a role in the process of shifting the glycaemic thresholds after antecedent hypoglycaemia. To date, enhanced blood to brain glucose transport has been demonstrated only after chronic antecedent hypoglycaemia, whereas episodes occurring in the clinical setting are usually short and recurrent. Therefore, cortisol might first initiate the vicious cycle of hypoglycaemia . Note that at the same hypoglycaemic level of 2.7 mmol/l (50 mg/dl) brain glucose uptake is preserved in IDDM patients with hypoglycaemia unawareness [15] . Consequently, glycaemic thresholds for counterregulation, symptoms and cognitive dysfunction are shifted to lower hypoglycaemic levels (arrows). The extent to which this mechanism provides a clinical protection is probably limited to a very narrow range of glycaemia of 0.6±0.8 mmol/l (10±15 mg/dl) and is no longer operative below 2.2 mmol/l (40 mg/dl), as indicated in this section by the steep fall of the broken line. Thus, outside the ªapparent protective windowº severe neuroglycopenia occurs unawareness by affecting counterregulation and autonomic response, whereas hypoglycaemia ªper seº (via enhanced blood to brain glucose transport?) might induce functional adaptation of brain following short-term recent antecedent hypoglycaemia and perpetuate this cycle in the long-term.
In conclusion, the glycaemic thresholds for cognitive dysfunction shift to lower plasma glucose levels after antecedent hypoglycaemia as do those for counterregulation and symptoms of hypoglycaemia (Fig. 3) , but the clinical protection is limited over a span of plasma glucose levels of no more than 0.6±0.8 mmol/l (10±15 mg/dl). This mechanism of ªcompensationº is apparently only protective, i. e. adaptive [21] . In fact, it is dangerous because it predisposes patients to severe hypoglycaemia and, for that reason, it should be avoided by preventing recurrent hypoglycaemia in the real life of patients with diabetes [11]. 
